Enterovirus 71 (EV71) has caused major outbreaks of hand, foot and mouth disease. EV71 infections increase the production of many host cytokines and pro-inflammatory factors, including interleukin (IL)-6, IL-10 and COX-2. Some of these molecules could stimulate the signal transducer and activator of transcription 3 (STAT3), which plays a key role in regulating host immune responses and several viral diseases. However, the role of STAT3 in EV71 infection remains unknown. This study found that the phosphorylation levels of STAT3 (p Y705 -STAT3) are closely related to EV71 infection. Further experiments revealed that STAT3 exerts an anti-EV71 activity. However, the antiviral activity of STAT3 is partially antagonized by EV71-induced miR-124, which directly targets STAT3 mRNA. Similarly, IL-6R, the a-subunit of the IL-6 receptor complex, exhibits anti-EV71 activity and is directly targeted by the virus-induced miR-124. These results indicate that EV71 can evade host IL-6R-and STAT3-mediated antiviral activities by EV71-induced miR-124. This suggests that controlling miR-124 and the downstream targets, IL-6R and STAT3, might benefit the antiviral treatment of EV71 infection.
INTRODUCTION
Enterovirus 71 (EV71) has caused major outbreaks of hand, foot and mouth disease (HFMD), which commonly affects young children and infants [1] . EV71 infections occasionally result in severe complications and even death [2] . The increased prevalence of HFMD in the Asia-Pacific region over the past decade has turned the prevention and therapy of this disease into critical issues. Although China has recently licensed the first inactivated vaccine to prevent viral infections, a specific antiviral agent for EV71-infected patients remains unavailable to date [3] . This scenario has prompted intense basic research on EV71-host interactions.
EV71 is a single, positive-strand RNA virus that belongs to the species Enterovirus A of the family Picornaviridae. The RNA genome of EV71 encodes a long polyprotein, which is processed into four capsid proteins (VP1ÀVP4) and seven nonstructural proteins (2A pro and 3C pro . The 'maturation cleavage' between VP4 and VP2 occurs via an autocatalytic process during maturation of the provirion [1, 4] . An EV71-induced cytokine storm has been attributed to the pathogenesis of EV71 infection [1, 2, 5] . However, the molecular mechanisms underlying EV71-induced illness remain unknown to date. EV71 infection can induce the expression of many cytokines and pro-inflammatory factors, including interleukin (IL)-6, IL-10 and COX-2 [6] [7] [8] [9] . These cytokines and pro-inflammatory factors (i.e. IL-6, IL-10 and COX-2) can act as stimulators of signal transducer and activator of transcription 3 (STAT3) [10, 11] . For instance, IL-6 can bind to IL-6R and activate the downstream STAT3 pathway by promoting STAT3 phosphorylation. The virus induces COX-2 expression through the epidermal growth factor receptor (EGFR)/ platelet-derived growth factor receptor (PDGFR), mitogenactivated protein kinase (MAPK) and nuclear factor (NF)-k B pathways in neural cells [7, 12] . Not only could COX-2 activate STAT3; its upstream signalling molecules, including EGFR/PDGFR and NF-kB, could also interact with STAT3 [11] . These data collectively suggest that STAT3 is involved in EV71 infection.
STAT3 was first identified as a transcription factor that selectively binds to the IL-6 responsive element in the promoter of acute-phase genes in IL-6-stimulated cells [13] . The protein is a 92 kDa molecule comprised of 770 aa, whose tyrosine residue undergoes phosphorylation at the 705 (Y 705 ) position when activated. Phosphorylated STAT3 forms homo-or heterodimers that translocate to the nucleus. The STAT3 dimers modulate the expression of downstream genes. In classical Janus kinase (JAK)-STAT pathways, STAT3 is mainly activated by the IL-6 cytokine family (such as IL-6, CNTF, IL-11 and IL-27), the IL-10 cytokine family (including IL-10 and IL-22) and other cytokines, including tumour necrosis factor (TNF)-a, interferon (IFN)-a and IFN-l [10, [14] [15] [16] . STAT3 also interacts with other STAT proteins, such as STAT1, which is a major mediator for IFN signalling, and usually exhibits an opposite role in the regulation of cell survival, proliferation and inflammation [17] . Aside from being a downstream signal transducer of cytokine receptors, STAT3 is also activated by growth factor receptors (e.g. EGFR and PDGFR) and nonreceptor tyrosine kinases (e.g. SRC) [11] . The biological function of STAT3 and the signalling targets may vary according to certain physiological or pathological conditions dependent on the binding of specific cytokine receptors. As a central signal transducer protein, STAT3 plays important roles in the host immune responses and several viral infections [18] [19] [20] . However, the role of STAT3 in EV71 infection is largely unknown.
Recent studies have proven that microRNAs (miRNAs) are critical factors for many viral life cycles [21] . miRNAs are 19-25 nt, small, non-coding RNAs that regulate gene expression post-transcriptionally by binding to the target mRNA in its 3¢-untranslated regions (3¢-UTRs) [21] . Several miRNAs are also involved in enterovirus replication. For instance, Ho et al. [22] determined that enterovirus-induced miR-141 contributes to the deactivation of host protein translation by targeting the translation initiation factor eIF4E. miR-146a, which targets interleukin 1 receptor associated kinase 1 (IRAK1) and TNF receptor associated factor 6 (TRAF6) that are involved in Toll-like receptor (TLR) signalling, can also facilitate virus-induced pathogenesis by suppressing IFN production [22] . In addition, we previously identified that miR-124 was induced after EV71 infection, whereas it was decreased by the treatment with IFN-a and IFN-g based on a miRNA array assay [23] . These data suggest that the virus could modulate host miRNAs to benefit viral replication.
In this study, we first determined the role of STAT3 in EV71 infection. IL-6R and STAT3 are target genes of miR-124 [24] [25] [26] , and STAT3 is the next downstream molecule in the IL-6R/STAT3 signalling pathway. Thus, we further studied the effects of miR-124 on EV71 infection and found that STAT3 and IL-6R exhibit anti-EV71 activity. However, their antiviral activity is partially antagonized by the virusinduced miR-124, which could directly target their mRNAs in the viral infection.
RESULTS

STAT3 responded to EV71 infection and inhibited viral infection
STAT3 plays a key role in regulating host immune and inflammatory responses but shows contradictory responses, including pro-and antiviral effects, to several viral infections [18] . STAT3 signalling is activated by phosphorylation in the C-terminal domain. Tyr705 phosphorylation is mainly induced and required for dimerization to activate STAT3 signalling. To test whether STAT3 signalling is involved in EV71 infection, immunofluorescence (IMF) staining of phosphorylated STAT3 at Y705 (p-STAT3) and EV71 capsid protein VP1 was performed at 6 h post-infection (p.i.) Confocal images show that VP1 signals (red dots in Fig. 1a) are not observed in most of the p-STAT3-positive rhabdomyosarcoma (RD) cells (strong green signals in Fig. 1a ) but are generally detected in the p-STAT3-negative cells. The cells with VP1-positive or p-STAT3-positive signals were quantified (Fig. 1c, e) . Results showed that the cells with p-STAT3-positive signals had a significantly lower percentage probability of being infected by EV71 than the p-STAT3-negative cells (Fig. 1c) . Furthermore, the p-STAT3-positive cells represented a higher percentage in the mock group than in the virus-infected group (Fig. 1e) . Similar results were also observed in HeLa cells (Fig. 1b, d , f) and the neural SK-N-SH cells (Fig. S1 , available in the online version of this article). The results suggest that EV71 infection is inversely correlated with the levels of p-STAT3, probably leading to inhibition of STAT3 signalling.
The dynamic alteration of the total STAT3 and p-STAT3 was detected through immunoblotting after EV71 infection (Fig. 1g, h ). Based on the virus kinetics of EV71 in RD and HeLa cells, the samples were collected up to 24 and 48 h p.i., respectively, at the late phase of EV71 infection [27] . Data showed that p-STAT3 in RD cells rapidly decreased after the viral infection (Fig. 1g, upper panel) . The p-STAT3 levels in the HeLa cells also decreased after the viral infection and remained at a low level for a long period (Fig. 1h, upper  panel) . No significant alteration was observed during the early infection phase for the total STAT3 levels, which slightly decreased by 20-40 % during the late infection phase in the two cell lines (Fig. 1g, h, lower panel) . The aforementioned data suggest that EV71 can inhibit STAT3 activation and down-regulate the STAT3 level in host cells.
Constitutively modified STAT3 expression affected the viral infection
To test whether STAT3 is an important regulator of EV71 replication, a stable RD cell line with STAT3 knock-down (RD-pLKO.1-Sh-STAT3) was constructed with a short hairpin RNA (shRNA) that targets the mRNA of STAT3 from nt 1578 to 1598 (Fig. 2a) . The expression levels of STAT3 mRNA, total STAT3 and p-STAT3 all decreased in the stable cell line compared with those in the control cell line RDpLKO.1-SCR (Fig. 2b) . With EV71 infection at 16 h p.i., IMF staining showed more VP1-positive signals in the RDpLKO.1-Sh-STAT3 cells than in the control cells (Fig. 2c) . Cell survivability decreased with viral replication after EV71 infection. However, the survivability of the RD-pLKO.1-Sh-STAT3 cells decreased faster than that of the control cells. Moreover, the extent of the decrease was more evident when the viral infection reached 48-72 h (Fig. 2d) (Fig. 2e) . This result indicates that STAT3 knock-down increases cell susceptibility to the virus. EV71 replication was detected after the RD-pLKO.1-Sh-STAT3 cells were infected with the virus. Results showed that EV71 VP1 expression was detected earlier and at higher levels in the RD-pLKO.1-Sh-STAT3 cells than in the control cells at 8-24 h p.i. (Fig. 2f) . The virus titres in the culture medium of the RD-pLKO.1-Sh-STAT3 cells were also higher than those in the culture medium of the control cells at 4-24 h p.i. (P<0.05) (Fig. 2g) .
Furthermore, consistent results were observed when the STAT3 gene was knocked into the RD cells (RD-pCDH-STAT3-puro) to determine the effects of STAT3 on EV71 infection (Fig. 3) . After the STAT3 gene was knocked in, the expression levels of STAT3 mRNA, total STAT3 and p-STAT3 increased (Fig. 3a, b) . The constitutive overexpression of STAT3 decreased cellular susceptibility to the virus, slowed down the loss of cell survivability, and inhibited expression of the viral protein VP1 and the virus titres in RD cells (Fig. 3c-g ). Similar results were collected in the HeLa cells with STAT3 knocked down (Fig. S2a, b) or the STAT3 gene knocked in (Fig. S2c, d ). The results indicate that STAT3 significantly influences cellular susceptibility to the virus and viral replication capacity.
miR-124 downregulated STAT3 phosphorylation and promoted EV71 replication
This study revealed the antiviral activity of STAT3 against EV71. STAT3 is a target gene of miR-124 [24] . MiR-124 has recently been considered a critical modulator of immunity and inflammation [28] . Previous experiments showed that miR-124 was up-regulated by EV71, but down-regulated by IFNs [23] . These findings prompted us to determine whether miR-124 is involved in EV71 infection and if the effect of miR-124 on the viral infection is correlated with STAT3 level. The quantitative PCR results showed that, similar to that in RD cells, miR-124 was also induced in HeLa and the neural SH-SY5Y cells after EV71 infection (Fig. 4a, b) . Consequently, agomir-124 (an agonist of miR-124) was transfected into the cells to determine whether miR-124 regulates downstream STAT3 and affects EV71 infection. Results showed that agomir-124 evidently decreased p-STAT3 from 24 to 48 h post-transfection (Fig. 4c) . The total STAT3 level also decreased from 36 to 48 h post-transfection (Fig. 4d) . This finding indicates that miR-124 can modulate downstream STAT3 signalling, by down-regulating the total STAT3 level, or additionally by targeting other genes correlated with the STAT3 signalling. Thus, the role of miR-124 in the life cycle of EV71 was also determined. The cells were transfected with agomir-124 and then infected with EV71 at 24 h post-transfection. The viral protein VP1 in the cells and the virus titre in the culture medium were detected at the time points indicated (Fig. 4e,  f) . VP1 expression in the cells transfected with agomir-124 was higher than that in the cells transfected with agomir-NC from 12 h p.i. to 24 h p.i.; VP1 was detected earlier in the agomir-124-transfected cells than in the control cells (Fig. 4e) . Virus titres in the culture medium of the agomir-124-transfected cells were also higher than those in the culture medium of the agomir-NC-transfected cells from 6 to 24 h p.i. (Fig. 4f) . Consistent results were also observed after antagomir-124 (an antagonist of miR-124) was transfected into the cells. Antagomir-124 increased p-STAT3 levels and total STAT3 expression, as well as inhibited the viral VP1 expression in a concentration-dependent manner (Figs 5a-c). The results indicate that EV71 infection induces miR-124 expression, which can promote EV71 replication in correlation with p-STAT3 and STAT3 levels.
Constitutively modulated expression of miR-124 also affected EV71 infection
To further determine the effects of miR-124 on EV71 infection, the miR-124 hairpin precursor was cloned into the lentivirus vector pLKO.1 (Fig. 6a) . The stable RD cells integrated with the lentivirus pLKO.1-miR-124 were selected and maintained with puromycin. Compared with the control, the RD-pLKO.1-miR-124 cells showed a significant increase in miR-124 and a decrease in STAT3 mRNA. The levels of p-STAT3 and total STAT3 were also downregulated (Fig. 6b) . The two stable cell lines were utilized to examine the effects of constitutive miR-124 overexpression on EV71 infection. With EV71 infection at 16 h p.i., IMF staining showed more VP1-positive signals in the RDpLKO.1-miR-124 cells than in the control RD-pLKO.1-SCR cells with a similar cell density (Fig. 6c) . After EV71 infection, the cellular viability of the RD-pLKO.1-miR-124 cells decreased faster at 24 h p.i. than that of the control cells. Furthermore, the differences between the two cell lines became more prominent when the viral infection proceeded from 42 to 72 h (Fig. 6d ). Virus plaque formation was also detected in the two cell lines. The number of plaques was significantly higher in the miR-124 knock-in cells than in the RD-pLKO.1-SCR cells (Fig. 6e ). Viral replication was detected after the RD-pLKO.1-miR-124 cells were infected with EV71. Higher levels of EV71 VP1 and virus titre were (Fig. 6f, g ). Results collected from the cells with constitutively overexpressed miR-124 were similar to those of STAT3-knocked-down cells. This result indicates that miR-124 overexpression also increases cell susceptibility to the virus and prompts viral replication. Similar effects of miR-124 overexpression on EV71 infection were also observed on HeLa cells (Fig. S2e,  f) . Consistently, the results observed from the cells with miR-124 knocked out by CRISPR-Cas9 technology confirmed the conclusion that miR-124 can modulate p-STAT3 and STAT3 levels, as well as promote EV71 replication ( Fig. 5d-h ). After two of three miR-124 genes in the genome were knocked out by inserting 5 bp and deleting 3 bp in the miR-124-1 and miR-124-2 genes, respectively (Fig. 5d) , the cells increased the levels of p-STAT3 and total STAT3 expression (Fig. 5e) . After EV71 infection, there was a slower loss of viability of the cells with miR-124 knocked out than of the control cells (Fig. 5f ). The cells with miR-124 knocked out also showed decreased susceptibility to the virus and inhibited viral VP1 expression (Fig. 5g, h ).
MiR-124 directly targeted IL-6R and STAT3 after EV71 infection STAT3 knock-down or miR-124 overexpression in the cells promoted EV71 infection, whereas STAT3 overexpression or miR-124 down-regulation in the cells inhibited EV71 replication. miR-124 also modulated the levels of p-STAT3 and STAT3. Whether miR-124 regulates STAT3 signalling by directly targeting STAT3 or through indirect approaches, such as by targeting IL-6R, is still unknown. IL-6R could be associated with gp130 (the signal transducing b-subunit glycoprotein 130) and then activating downstream STAT3 signalling after binding to IL-6 [29, 30] . To identify how miR-124 regulates STAT3 signalling after EV71 infection, we constructed the reporter plasmids with the luciferase cDNA merged with STAT3-3¢-UTR or IL-6R-3¢-UTR, including the target sites of miR-124 (Fig. 7a ). The reporter plasmids were then co-transfected with agomir-124. The luciferase expression levels significantly decreased in transfections with both the STAT3-3¢-UTR and IL-6R-3¢-UTR reporters (Fig. 7b ). When these reporters were transfected into the stable miR-124-overexpressing RD and HeLa cells, the luciferase expression levels were also similarly downregulated (Fig. 7c) . In the stable miR-124-overexpressing RD and HeLa cells, the IL-6R protein levels in both the cell lysate and in their culture supernatant were lower than those in the corresponding control cells (Fig. 7d) . Similar to IL-6R, STAT3 was also down-regulated by miR-124 (Figs 4d, 6b and S2e). These data indicate that miR-124 directly targets IL-6R and STAT3 in RD and HeLa cells. To test whether miR-124 functionally targets IL-6R and STAT3 after EV71 infection, miR-124 and mRNAs of IL-6R and STAT3 were quantified through quantitative reverse-transcription (qRT)-PCR after the viral infection. Results showed that miR-124 expression was negatively correlated with the mRNA levels of IL-6R and STAT3 (Fig. 7e) . After the STAT3-3¢-UTR and IL-6R-3¢-UTR reporters were transfected into the cells and then infected with EV71, luciferase levels were detected at 12 h p.i. Results showed that the luciferase levels in the cells transfected with the STAT3-3¢-UTR and IL-6R-3¢-UTR reporters were both decreased by the virus (Fig. 7f) . The protein levels of IL-6R and STAT3 in RD, HeLa and neural cells also decreased significantly after the viral infection (Figs 7g and 1g, h; S1). These data suggest that EV71 infection decreases the levels of IL-6R and STAT3 mRNA, as well as their protein levels. In combination with the finding that miR-124 is inversely correlated with the mRNA and protein levels of IL-6R and STAT3 during the viral infection, we concluded that miR-124 directly targets IL-6R and STAT3 during EV71 infection.
miR-124 involved in EV71 infection was partially dependent on IL-6R and STAT3
IL-6R and STAT3 are targeted by miR-124, and both STAT3 and miR-124 played important roles in EV71 infection. IL-6R was knocked down in the stable RD cells by integration of a lentivirus construct including shRNA (shRNA-IL-6R) to identify whether IL-6R exerts similar effects to STAT3 on EV71 infection. Results showed that shRNA-IL-6R knocked down not only the IL-6R expression (Fig. 8a, b) but also the p-STAT3 level (Fig. 8c) . The stable cells with IL-6R knocked down were then infected with EV71 to test the gene effects. Results showed that the EV71 VP1 expression levels in the cells (Fig. 8d) and the virus titres in the cell culture media (Fig. 8e ) both increased after IL-6R knock-down. The effects of IL-6R knock-down observed on the viral infection were similar to those of STAT3 knock-down and miR-124 overexpression (Figs 2 and 6 ). Combining the findings on miR-124 directly targeting IL-6R and STAT3 during EV71 infection (Fig. 7) , we deduced that the regulatory effects of miR-124 on EV71 infection are dependent on IL-6R and STAT3. If this hypothesis was true, then the effects of miR-124 on the viral infection would be restored by the overexpression of IL-6R or STAT3. Consequently, an IL-6R overexpression plasmid without the miR-124 target sites was constructed and transfected into the stable miR-124-overexpressing cells, and then the transfected cells were infected with EV71. At 12h p.i., VP1 expression was decreased by the IL-6R plasmid transfection in a concentration-dependent manner; the effect of miR-124 on VP1 expression was partially restored by IL-6R expression (Fig. 8f) . A similar effect was also observed when the STAT3 overexpression plasmid without the miR-124 target sites was transfected into the stable miR-124-overexpressing cells (Fig. 8g) .
DISCUSSION
EV71 often causes mild illness, including HFMD. However, it can also lead to severe manifestations of pulmonary, heart and neurological diseases. The lack of knowledge on the pathogenesis of EV71-induced diseases causes difficulty in identifying its specific antiviral treatment. After virus entry to the cells, the pathogen-associated molecular patterns are detected by host pattern recognition receptors. The host immune system plays an important role in EV71 infection. However, previous studies have identified that EV71 2A Pro and 3C Pro interact with the host innate immune pathways, including type I IFN responsive and signalling pathways [31] [32] [33] [34] [35] . The innate immune response to the virus is also modified by virus-induced miRNAs to attenuate antiviral pathways [36] . This virus seems to have evolved in various ways to evade host immunity and preserve its replication.
In this study, we identified that STAT3 signalling is probably inhibited by EV71 (Figs 1 and S1 ). Given that the p-STAT3 levels were inversely correlated with EV71 infection (Figs 1 and S1 ), the cells with STAT3 knocked down increased the viral infection (Figs 2 and S2) , whereas the cells with STAT3 overexpression inhibited the viral infection (Figs 3 and S2 ). These data suggest that STAT3 exerts an antiviral activity that protects cells against EV71 infection. STAT3 affects the life cycle of EV71, as well as those of severe acute respiratory syndrome coronavirus (SARSCoV), varicella zoster virus (VZV), hepatitis C virus (HCV) and hepatitis B virus (HBV) [37] [38] [39] [40] [41] [42] . The mechanism by which STAT3 modifies different viral infections is complex. For example, p-STAT3 increases after infection by VZV, HCV and HBV, as well as supports their replication [38, 40, 42] . By contrast, p-STAT3 decreases in Vero E6 cells after SARS-CoV infection [39] . STAT3 ubiquitylation and degradation are induced by mumps virus V protein [41] . Low p-STAT3 levels benefit Epstein-Barr virus lytic activation in B cells [37] . In the present study, low p-STAT3 levels also benefitted EV71 infection. These findings suggest that the contribution of the STAT3 pathway to viral replication is a virus-specific event.
Notably, the antiviral activity of STAT3 against EV71 was suppressed by the virus. This observation prompted us to examine how the virus antagonizes the antiviral activity of STAT3, given that STAT3 is a target gene of miR-124 [24, 26] and miR-124 is reversely induced by IFNs and the virus [23] . miR-124 was first identified as an important regulator that affects the biological activity of microglia, a type of macrophage that reside in the brain and spinal cord [43] . Aside from being expressed in neural cells [44, 45] , miR-124 is also expressed in other tissues, including muscles, liver, heart, kidney, lung and immune cells [24] [25] [26] 46] . miR-124 has also been considered recently as a critical modulator of immunity and inflammation [28] . We assumed that the decrease in p-STAT3 and STAT3 caused by the virus is involved in the virus-induced miR-124 expression. In fact, we discovered that miR-124 expression increased after EV71 infection (Fig. 4a, b) , and that miR-124 decreased the levels of p-STAT3 and STAT3 (Figs 4-6 ). Further experiments showed that miR-124 promoted the viral infection (Figs 4-6) . Considering all the data gathered, we deduced that the antiviral activity of STAT3 against EV71 is antagonized by the virus-induced miR-124.
Recently, a dozen miRNAs were observed to be relevant to EV71 infection. Some miRNAs, such as miR-141, miR146a, miR-296-5p, miR-1246 and let 7b, were upregulated by the virus [22, [47] [48] [49] [50] , whereas some miRNAs (miR-23b, miR-27a, miR-30a, miR-197, miR-370 and miR-526a) were downregulated by EV71 [51] [52] [53] [54] [55] . These miRNAs were reported with specific mechanisms that affect the EV71 life cycle. For example, miR-141 shuts off the host protein translation by targeting eIF4E [22] ; miR-146a inhibits IFN production by targeting IRAK and TRAF [48] ; miR-30 inhibits host autophagy by targeting Beclin-1 [51] . However, miR-197 increases the nuclear transport of viral 3D/ 3CD and host hnRNP K by targeting RAN GTPase [52] ; miR-526a promotes RIG-1 K63 ubiquitination by targeting CYLD [55] ; miR-146a and miR-370 co-ordinate EV71-induced cell apoptosis by targeting SOS1 and GADD45b, respectively [56] . In addition to targeting the host factors, some miRNAs were also identified to directly target the EV71 genome, such as miR-296-5p targeting VP1 and VP3 genes [50] , and miR-23b targeting a conservative region in the EV71 3¢-UTR accompanying the downregulation of VP1 proteins [53] . In this study, EV71-induced miR-124 probably mediated the immune evasion by targeting the host STAT3 signalling pathway. miR-124, miR-141 and miR-146a were all upregulated after the viral infection. These findings indicated that these Approximately 40 % of de novo protein synthesis in RD cells is shut off at 4 h p.i. after EV71 infection, and only 5 % activity of protein de novo synthesis remains at 12 h p.i. [22] . More interestingly, inhibition of the host protein synthesis by EV71 is dependent on the degradation of eIF4E, whose mRNA was targeted by the actively overexpressed miR-141 when host transcription and nucleo-cytoplasmic trafficking were mostly shut off [22] . This phenomenon is similar to miR-124, which was actively expressed to promote EV71 replication by antagonizing the antiviral activity of STAT3 under the conditions where transcription of most of the host genes was inhibited.
However, whether miR-124 stimulates EV71 replication by directly targeting STAT3 requires further verification. Aside from STAT3, IL-6R is another miR-124 target that functions as an important component of the IL-6 receptor complex; it activates STAT3 signalling upon binding to IL-6 [26] . Considering the aforementioned results, we cannot exclude the possibility that miR-124 regulates the STAT3 signalling by targeting IL-6R and then downregulating p-STAT3 and STAT3, as determined in hepatocytes [25] . Utilizing the reporter plasmids with STAT3-3¢-UTR or IL-6R-3¢-UTR, including the target sites of miR-124, we identified that miR-124 directly targeted not only STAT3 but also IL-6R after EV71 infection (Fig. 7) . Further experiments showed that viral replication was also promoted in the cells with IL-6R knocked down. The effects of miR-124 on the viral infection were partially restored by the transfected IL-6R overexpression or STAT3 overexpression plasmids (Fig. 8) . Combining these data, we conclude that EV71 can induce miR-124 expression to antagonize the antiviral activity of IL-6R and STAT3 by directly targeting their mRNAs. Given the facts that p-STAT3 promptly responded to the virus infection, and that the STAT3 levels were only modified during the late phase of viral infection (Fig. 1) , we believe that the inhibitory effect of EV71 on STAT3 signalling contributes not only to the miR-124/IL-6R/STAT3 pathways and their feedback but also to some unknown mechanisms.
According to the classic IL-6/IL-6R/STAT3 axis signalling [29, 30] and the antiviral activity of STAT3 against EV71, we believe that the activation of IL-6R/STAT3 signalling could protect the cells against EV71 infection upon binding to IL-6. Therefore, we cannot fully understand why patients with pulmonary oedema and other severe syndromes have higher IL-6 and IL-10 concentrations than the patients with mild illnesses after EV71 infection [8, 57] . However, if we consider that miR-124 could be induced by the virus to antagonize IL-6R and STAT3, the inability of high IL-6 and IL-10 levels to exhibit protective effects is highly logical. Furthermore, the cytokines elicited by the virus that exhibited protective effects or exaggerated the damage were notably dependent on the activation of specific downstream signalling in tissues. For example, IL-6 can bind to IL-6R, which can be anchored on the cellular membrane (mIL-6R) or cleaved by ADAM17 (a disintegrin and metalloproteinase) and released into the tissue fluid (soluble IL-6R, sIL-6R) [58, 59] . IL-6 binding to sIL-6R generally activates the trans-signalling pathway, whereas binding to mIL-6R activates the classic IL-6R/STAT3 signalling pathway [30] . A previous study reported that sIL-6R (but not IL-6) exhibits extensive antiviral activity against viruses [60] . The antiviral activity of sIL-6R is not mediated by forming the classic sIL-6R/gp130 complex, but by the formation of a sIL-6R/p28 complex, leading to activation of type I IFN or IFN-l [60, 61] . Therefore, the sIL-6R-mediated antiviral activity was not likely mediated by the classic IL-6R/STAT3 signalling. In the current study, we cannot determine whether the anti-EV71 activity of IL-6R is attributed to sIL-6R or mIL-6R, or both. In addition, considering that STAT3 could be docked on many cytokine receptors, such as the IL-6 family cytokine receptors, the IL-10 family cytokine receptors and the IFN receptors [11, [14] [15] [16] , and that the knock-down of IL-6R downregulates p-STAT3 level simultaneously (Fig. 8c) , we deduced that the anti-EV71 activity of IL-6R and STAT3 could be mediated by the IL-6R/STAT3 pathway, and probably by other cytokine-mediated signalling pathways transduced by IL-6R or STAT3 separately. Consequently, additional evidence must be provided to understand the molecular mechanisms of IL-6R and STAT3 in EV71 infection. Nevertheless, our study provides direct evidence that miR-124 and the downstream targets, IL-6R and STAT3, are involved in EV71 replication. The molecular mechanism is simply illustrated as in Fig. S3 . Our findings indicate that controlling miR-124 and the downstream IL-6R and STAT3 can benefit the treatment of EV71 infection.
METHODS Virus strain, cell lines and reagents
This study was approved by the Ethics Committee of Fudan University, China. EV71 strain (Genbank accession no. HQ891927) was isolated from a HFMD patient as we 
Plaque assay and virus titration
To perform the plaque assay, RD cells were seeded at 1Â10 6 cells per well in six-well plates for 12 h and then infected with 0.5 ml of the serially diluted virus sample for 2 h. After discarding the virus solution, the cells were rinsed three times with PBS and then incubated with 2.0 ml of fresh medium supplemented with 2 % FBS and 0.5 % low-melt agarose for another 72 h. The plaques were stained with 0.1 % neutral red for 2-4 h. The number of plaques was counted to quantify the virus titres, or detect the gene-dosage effects on EV71 infection. For these analyses, the plaque assay was performed at least three times from independent experiments, and the data expressed as mean±SD.
Immunoblotting
The cells were harvested and lysed on ice by RIPA buffer supplemented with proteinase and phosphatase inhibitors (including PMSF, leupeptin and aprotinin). Western blot was performed utilizing the primary antibodies at the dilutions indicated in accordance with the manufacturer's instructions. Anti-mouse IgG-HRP was diluted at 1/5000, and signals were visualized through chemiluminesence (ECL kit provided by Amersham Bioscience). To avoid the significant deviation of experimental manipulations, the antibody against b-actin (as loading and internal control) was mixed with the antibodies against the target protein (STAT3, p-STAT3 or VP1). The same downstream manipulations were followed when the corresponding target protein was detected. All immunoblotting experiments were performed at least three times. The immunoblotting data were quantified using the Bio-Electrophoresis Image Analysis System (SmartView v.6.0, Shanghai FURI Science and Technology). The protein levels were normalized with b-actin and expressed as mean±SD. Construction of stable cells for STAT3, miR-124 and IL-6R knock-down, knock-out or overexpression For STAT3 knock-down in cells, a shRNA that targets human STAT3 mRNA (NM_139276.2) from nt 1578 to 1598 was designed using an online open access software (http://www.invitrogen.com/rnai). For IL-6R knock-down, a shRNA that targets human IL-6R mRNA (NM_000565) at nt 704 to 724 was selected. The shRNAs (Table S1) were cloned into the lentivirus vector pLKO.1 (Addgene), and the infectious viral particles were produced in accordance with the manufacturer's instructions. The RD and HeLa cells were infected, and the stable cell lines integrated with the indicated lentiviruses were selected and maintained with puromycin at 2 µg ml
IMF staining and microscopy
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. Genomic DNA was extracted for PCR analysis to identify viral integration. For miR-124 overexpression in cells, DNA with a 119 bp miR-124 gene (miRBase v.20, MI0000443) was amplified through PCR with primers (Table S1 ) from the human genome and then cloned into pLKO.1 with the restriction endonucleases AgeI and EcoRI. Stable cells integrated with the lentivirus were then selected. For STAT3 overexpression, STAT3 ORF cDNA (located at nt 133-2396 of NM_213662) was cloned into the high-expression lentivirus vector pCDH-puro (System Bioscience CD510B-1). Stable RD and Hela cells integrated with the aforementioned lentivirus vectors were selected with puromycin. Control stable RD and HeLa cell lines integrated with the control lentivirus vector pCDHpuro or pLKO.1-SCR were produced simultaneously. For miR-124 gene knock-out in cells, CRISPR-Cas9 technology [63, 64] was utilized to edit miR-124 genes specifically. Guide RNA for miR-124 (Table S1 ) was designed in accordance with a web tool (http://www.genome-engineering. org). LentiCRISPRv2 plasmid (Addgene) co-expressing Cas9 and guide RNA was transfected to produce infectious lentiviruses, which were collected to infect RD cells. Singlecell clones were selected from serial dilutions by puromycin and identified by PCR and DNA sequencing. The RD cells integrated with the LentiCRISPRv2 control plasmid served as the negative control.
qRT-PCR assay
The expression level of miR-124 was determined by qRT-PCR with hemi-nested primers as described previously [23, 65] . In brief, 1.0 µg of denatured RNA was reverse-transcribed with the stem-loop RT primers (Table S1 ) in a total volume of 10 µl. After incubation at 42 C for 45 min, M-MLV reverse transcriptase was inactivated. miR-124 was amplified with specific primers by running the following programme: 95 C for 10 min, followed by 40 cycles of 95 C for 5 s and 60 C for 10 s. Fluorescence signals were acquired by the PCR machine (Applied Biosystems 9700), and C t values were calculated with the software supplied. The 5S rRNA was detected simultaneously as the reference control. The DC t (average C t -average C t of the control) for the target miRNA gene in each treatment group and the DDC t (DC t group 2 À DC t group 1 ) for each gene across two groups were calculated for fold alteration analysis. In this analysis, the fold change in each gene from groups 1 and 2 was calculated as 2 ÀDDC t . Similarly, STAT3 and IL-6R mRNAs were quantified with their specific primers (Table S1 ). However, random primers were adopted for reverse transcription, and b-actin was employed as the internal control. Each sample was quantified at least three times and expressed as mean ±SD.
MTT assay to detect cellular viability
The effects of miR-124 and STAT3 on cellular viability after EV71 infection were determined using the MTT assay. The RD cells integrated with different lentivirus were seeded at ). The cells were incubated for another 24-72 h. MTT and DMSO were added sequentially as described previously [23] . The OD 570 value was then measured. Cell survivability after the viral infection was expressed as OD EV71-infected /OD cell control Â100 %.
Luciferase plasmid construction and luciferase assay Luciferase reporter vectors were constructed with firefly luciferase (Fluc) ORF followed by STAT3-3¢-UTR or IL-6R-3¢-UTR, to confirm whether miR-124 directly targets STAT3 and IL-6R. The RNA oligos (agomir or antagomir at 200 µM) and DNA (each luciferase reporter plasmid, 800 ng well À1 in a 24-well-plate) were transfected with Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. All cell transfection experiments were co-transfected with Renilla luciferase (Rluc) as the internal control (Fluc/Rluc=10 : 1). The expression of Fluc and Rluc was detected utilizing a Dual-Luciferase Reporter Assay kit in accordance with the manufacturer's manual (Promega).
IL-6R-overexpressing plasmid construction and IL-6R ELISA assay For IL-6R overexpression, the IL-6R ORF cDNA (located at nt 438-1844 of NM_000565) was cloned into the pcDNA3.1 vector. The cells were collected at 72 h post-transfection and then lysed with RIPA buffer after transfection with the pcDNA3.1-IL-6R plasmid. The total protein was quantified by the bicinchoninic acid (BCA) method and then adjusted to 1000 µg ml
À1
. The expression level of IL-6R was analysed with an IL-6 Receptor-Human ELISA Kit (Abcam) in accordance with the manufacturer's manual.
Statistical analysis
All statistical analyses were performed by using SPSS 16.0. Student's t-test was applied to the two groups of data sets. Pearson's correlation analysis was applied to determine the correlation between the two variables. Statistical significance was considered at P<0.05.
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